Male and female rats of each of the two parental and 22 consomic strains (10 -12 rats/group) were fed a high-salt (8.0% NaCl) diet for 3 wk. Mean arterial blood pressure rose by 60 mmHg and urinary protein and albumin excretion increased 3-and 20-fold, respectively, in male SS/Mcwi rats compared with BN controls. Substitution of chromosomes 1, 5, 7, 8, 13, or 18 from the BN onto the SS/Mcwi background attenuated the development of hypertension, proteinuria, and albuminuria in male rats. In female rats, substitution of chromosomes 1 and 5 also decreased blood pressure, protein excretion, and albumin excretion. These studies also identified several chromosomes in male (6, 11, Y) and female (4, 6, 11, 19, 20) rats that reduced albuminuria without altering blood pressure. These data indicate that genes contributing to salt-sensitive hypertension are found on multiple chromosomes of the Dahl SS/Mcwi rat. Furthermore, this consomic rat panel provides a stable genetic platform that can facilitate further gene mapping by either linkage studies or the breeding of congenic and subcongenic rats. hypertension; kidney disease; rats; consomic THE DAHL SS/Mcwi (salt-sensitive) rat strain is a genetic animal model of hypertension and kidney disease that exhibits disease traits similar to those observed in humans (3, 5, 9, 14, 17) . This inbred strain exhibits a low-renin, sodium-sensitive form of hypertension that is associated with severe and progressive proteinuria, glomerulosclerosis, and renal interstitial fibrosis (29, 36) . To examine the genetic basis of hypertension and renal disease in the SS/Mcwi, 22 chromosome substitution strains of rats were generated in which one chromosome at a time was introgressed from a disease-resistant Brown Norway (BN) rat into the Dahl SS/Mcwi genetic background. With the use of this strategy, phenotypic differences detected between the consomic and the recipient strains indicate that there is a gene or genes present on the substituted chromosome that influences the phenotype of interest. Consomic animals permit repeated phenotyping of replicate animals as well as the rapid generation of congenic strains for narrowing the region of interest along a chromosome to facilitate the positional cloning of candidate genes. It also allows the substitution of multiple chromosomes to study chromosomal interactions. This genetic strategy has already proven useful to understand the genetic basis of a number of complex disease-related phenotypes in rats and mice (4, 6, 25, 32, 33) .
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In the present study, male and female rats of each of the two parental and consomic strains were fed a high-salt (8.0% NaCl) diet for 3 wk. A standardized phenotyping protocol was performed on each sex of each strain in addition to the SS/Mcwi and BN parental rats to quantify phenotypes related to hypertension (conscious mean arterial blood pressure and heart rate) and renal disease (creatinine clearance, albumin excretion, and protein excretion).
Although the genetic basis of Dahl SS hypertension has been studied extensively, the present approach is complementary and has several distinct differences from previous studies. First, this is the first systematic dissection of hypertension and renal injury in the Dahl SS background on a chromosome-bychromosome basis using a standardized phenotyping protocol. Second, the normotensive background utilized in the present study is the BN. This study should therefore provide a set of observations unique from those observed in previous crosses of Dahl SS rats with Lewis, Dahl R, or other rat strains. A concordance of the present results with previous studies that utilized the Lewis or Dahl R rats, however, will permit conclusions to be made regarding the contribution of prohypertensive regions of the SS genome. Third, this study examined both male and female rats. Females have been largely ignored in these types of studies, and the present data provide important new information regarding gender differences. Finally, many previous phenotyping studies in the Dahl SS background have been performed on rats maintained on a normal salt (1.0% NaCl) diet with blood pressure phenotyping performed by tail-cuff plethysmography. The present studies were performed in rats in which hypertension and renal disease were induced by feeding an elevated salt (8.0% NaCl) diet, and blood pressure was directly measured with chronically implanted catheters.
METHODS
Experimental animals. Experiments were performed on inbred lines of SS/Mcwi (Dahl salt-sensitive rats), BN/SSNHsdMcw i (BN), and a panel of consomic rats. The consomic rat lines were derived from inbred BN and SS/Mcwi rats as previously described (6, 18, 26) . Studies were performed on male and female rats of each of the parental and consomic strains fed a high-salt (8.0% NaCl) diet for 3 wk. A total of 361 male and 277 female rats was studied (average group size for each phenotype was ϳ12 for male rats and 10 for female rats). The MCW Institutional Animal Care and Use Committee approved all experimental protocols.
The Phenotyping protocol. The breeders of each strain were maintained on chow containing 0.4% NaCl obtained from Harlan Teklad (3075S, Madison, WI). At weaning, the rats were placed on a purified AIN-76A rodent diet containing 0.4% NaCl (Dyets, Bethlehem, PA). At ϳ9 wk of age, the rats were placed on AIN-76A chow containing 8.0% NaCl; 2 wk later, the rats were anesthetized with ketamine (35 mg/kg ip), xylazine (10 mg/kg ip), and acepromazine (0.5 mg/kg ip), and catheters were implanted in the femoral artery and exteriorized at the back of the neck through a lightweight tethering spring. Both antibiotic (100,000 U/kg penicillin G im) and analgesic (0.1 mg/kg buprenex sc) were administered postsurgically. Following recovery from surgery, the rats were placed in individual stainless steel cages that permit daily measurement of arterial blood pressure and overnight urine collection.
After a 2-day recovery period, blood pressure and heart rate measurements were made from 9:00 a.m. to 12:00 p.m. on postsurgical days 3-5. An overnight urine collection (16 h) was obtained for measurement of urinary excretion of albumin, protein, and creatinine, and a blood sample was obtained for measurement of plasma creatinine concentration and renin activity.
Histological analysis. Kidneys from male rats of each parental strain and from consomic strains with extreme renal disease phenotypes (SS/Mcwi, BN, SS-1 BN , and SS-17 BN ) fed an 8% salt diet for 3 wk were collected for histological analysis. This analysis was designed to demonstrate the differences that occur in histology in male rats with pronounced differences in albuminuria/proteinuria. It did not assess differences in female rats or effects on glomerular injury that may be independent of increased protein excretion. The kidneys were fixed in a 10% formalin solution, paraffin-embedded, cut in 3-m sections, and stained with Gomori's One-Step Trichrome (sections from all rats were stained simultaneously). Tissue sections were photographed using a Nikon E-400 fitted with a Spot Insight camera; digital micrographs were obtained at ϫ40 magnification to visualize and assess glomerular injury as we previously described (18, 19, 20) .
Statistical analysis. Data are presented as means Ϯ 1 SE. A two-way ANOVA with a Holm-Sidak post hoc test was used to assess sex differences for each phenotype within the different consomic and parental rats. A one-way ANOVA with a Holm-Sidak post hoc test was used to evaluate differences between the parental SS/Mcwi and the other strains. P Ͻ 0.05 was considered to be significant.
RESULTS
Mean arterial blood pressures (MAP) in the male and female rats fed a high-salt (8.0% NaCl) diet for 3 wk are illustrated in Fig. 1 . MAP was significantly greater in the male and female SS/Mcwi (177 Ϯ 3 and 160 Ϯ 7 mmHg, respectively) than observed in the male and female BN (111 Ϯ 1 and 112 Ϯ 3 mmHg, respectively) rats. Similarly, MAP was higher in males than females in some of the consomic strains. Substitution of chromosomes 1, 5, 7, 8, 13, 16, 18 , and 20 significantly decreased MAP compared with parental SS/Mcwi in the male rats. Transfer of chromosomes 1 and 5 also significantly lowered MAP in the female rats. Minimal differences were observed in heart rate (data not shown). The only strains in which conscious heart rate was different from the value observed in male SS/Mcwi (400 Ϯ 4 beats/min) were the BN (363 Ϯ 6 beats/min) and the SS-12 BN (359 Ϯ 11 beats/min). Heart rate was not different between female SS/Mcwi (416 Ϯ 7 beats/min) and female BN rats or any of the consomic strains.
The albumin excretion rate was significantly greater in the SS/Mcwi rats fed a 8% salt diet (88 Ϯ 9 and 73 Ϯ 20 mg/day for males and females, respectively) than in the BN (4.0 Ϯ 1.3 and 2.1 Ϯ 0.4 mg/day for males and females, respectively) rats (Fig. 2) . In male rats, the substitution of chromosomes 1, 5, 6, 7, 8, 11, 13, 18 was significantly lower than that observed in the female SS/ Mcwi in all but four strains. In contrast, albumin excretion was significantly elevated in SS-17 BN compared with the parental SS/Mcwi. Similar to the differences observed for albumin excretion, the male and female SS/Mcwi rats (214 Ϯ 15 and 162 Ϯ 36 mg/day for males and females, respectively) excreted significantly more protein than BN (73 Ϯ 12 and 35 Ϯ 5 mg/day for males and females, respectively) (Fig. 3) . In male rats, protein excretion rate was significantly lower than observed in the SS/Mcwi in rats in which chromosomes 1, 5, 6, 7, 8, 13, 18, and 19 were substituted. Substitution of chromosome 12 and 17 led to an increase in urine protein excretion in the male rats. In female rats, substitution of chromosomes 1, 
DISCUSSION
Dahl SS/Mcwi rats fed a high-salt diet for 3 wk had higher levels of arterial blood pressure, elevated urinary excretion of Fig. 3 . Urinary protein excretion rate in male (top) and female (bottom) SS/Mcwi (SS), BN, and consomic rats (indicated by the substituted chromosome) fed a high-sodium diet (8.0% NaCl). P Ͻ 0.05 vs. SS of the same sex (*) and vs. the male rat of the same strain (#). Fig. 2 . Urinary albumin excretion rate in male (top) and female (bottom) SS/Mcwi (SS), BN, and consomic rats (indicated by the substituted chromosome) fed a high-sodium diet (8.0% NaCl). P Ͻ 0.05 vs. SS of the same sex (*) and vs. the male rat of the same strain (#). albumin and protein, and greater renal histological damage than BN rats. Substitution of several chromosomes from the disease-resistant BN to the disease-prone SS/Mcwi significantly reduced the development of hypertension and/or proteinuria, indicating that multiple genes, gene products, or gene pathways influence these disease phenotypes. Sodium-sensitive hypertension, albuminuria, and proteinuria were attenuated in the male and female SS-1 BN and SS-5 BN compared with the SS/Mcwi rats. In addition, substitution of chromosomes 8, 13, and 18 decreased MAP, albuminuria, and proteinuria in male rats and attenuated proteinuria and albuminuria in female rats. Interestingly, albuminuria and proteinuria were diminished in the SS-6 BN and enhanced in the SS-17 BN in the absence of significant changes in MAP, indicating that genes of renal disease that act independently of blood pressure are found on chromosomes 6 and 17. Finally, the influence of a number of chromosomes was dependent upon the sex of the recipient. Substitution of chromosomes 2, 4, 10, 14, 16, and 20 decreased proteinuria in female rats but had no influence in males; similarly, substitution of chromosomes 7, 8, 13, 16, 18 , and 20 significantly decreased blood pressure in male rats compared with the parental SS/Mcwi without having a significant effect on blood pressure in female rats.
The present rat study demonstrates marked effects of substitution of chromosomes 1 and 5 on high-salt MAP in both male and female rats. A number of quantitative trait loci (QTLs) for blood pressure have been previously localized on both chromosomes 1 and 5 in genetic crosses that utilized the Dahl SS as well as other hypertensive rat strains (11, 27, 28,  34, 35) . Moreover, we observed that male consomic strains with BN chromosome 7, 8, 13, 16, 18 , and 20 on the SS background had a correction of hypertension. It was previously demonstrated that QTLs for blood pressure reside on chromosomes 7, 8, 9, 13, 16, 18, and 19 in crosses with the Dahl SS rat (1, 11, 12, 13, 22, 23, 24, 27, 28, 31, 37) . Blood pressure QTLs have also been previously identified on chromosome 20 in genetic crosses with other hypertensive strains (18, 27, 28) , but QTLs related to blood pressure have not been detected previously on chromosome 20 in the Dahl SS. Interestingly, in previous studies in the Dahl SS rat, QTLs related to blood pressure were also observed on chromosomes 2, 3, 4, and 14 (7, 8, 12, 35) ; substitution of these chromosomes did not affect blood pressure in the present study. The present data therefore confirm the existence of several chromosomes (1, 5, 7, 8, 13, 16 , and 18) known to harbor large blood pressure QTLs and indicate that chromosome 20 harbors blood pressure QTLs in the Dahl SS rat.
The development of renal disease in the male and female rats, as assessed by urinary albumin and protein excretion, was attenuated significantly by substitution of chromosomes 1, 5, 6, (SHR) ϫ SS] and an SS parent identified alleles from the SS rat that increased albuminuria or proteinuria on chromosomes 1, 2, 6, 8, 9, 10, 11, 13, and 19 (10) . Similar QTLs for albuminuria were observed in chromosomes 2, 6, 8, 9, 10, 11, and 19 in an F 2 cross between SS and SHR (21) , whereas a consomic strain in which SHR chromosome 19 was introgressed on the SS background led to attenuation of renal damage (37) .
The current set of studies reveals important effects of QTLs on a number of other chromosomes for this renal disease phenotype in the SS/Mcwi (i.e., 4, 5, 14, and 20) . Previous studies have revealed QTLs related to renal disease on chromosomes 1 and 14 in genetic crosses between the FHH rat and normal controls (2, 30) . The other chromosomes identified as important in albuminuria in the consomic panel represent chromosomes with potential new genes of renal disease in the SS/Mcwi rat. Although albuminuria and proteinuria were simultaneously altered in most strains, these two phenotypes were altered separately in a few of the consomics. The female SS-7 BN , SS-9 BN , and SS-11 BN all had significantly reduced albumin excretion with no changes in proteinuria compared with the female SS/Mcwi. Similarly, proteinuria was significantly increased, but albumin excretion was unaltered in male SS.BN-(D12arb13-D12rat79). In the female rats of that strain, albumin excretion was decreased, but protein excretion was not changed. The results from these strains may indicate important genetic differences in the susceptibility to albuminuria and proteinuria.
The consomic approach represents a completely different mapping strategy that has some advantages over traditional linkage mapping. Compared with a traditional linkage analysis in which every animal has a unique genetic background, studies in a consomic panel greatly reduce genetic heterogeneity, since all of the strains share an identical genetic background. Because each of the consomic strains is inbred, these rats provide the ability to replicate and validate the mapped phenotypes, enable sex-related traits and different age groups to be studied, and permit more extensive mechanistic studies of interesting candidate regions, genes, and phenotypes. In addition, the inbred nature of consomic strains enables the rapid generation of congenic strains in only two generations to narrow the region of interest (4). In contrast, it generally takes six generations to develop a congenic strain following a QTLs mapping study. The time and expense required to produce congenic animals is the primary reason that many of the previously identified QTLs have not been extensively followed up except by the most dedicated and persistent groups. Moreover, the consomic strains can be intercrossed to develop strains in which multiple QTLs and different chromosomes are captured to study chromosome interactions.
The present studies represent a complete chromosomal mapping of the SS genome for hypertension and kidney damage. More than six chromosomes were identified in which substitution of the BN chromosome in the Dahl SS strain provided significant protection of hypertension on a high-salt diet. The degree of protection of nearly the same magnitude by different chromosome substitutions represents the first direct quantitative identification and evidence (not just statistically implied by linkage analysis) that these regions interact epistatically and influence blood pressure. We propose that there are multiple genes on a number of different chromosomes that by themselves can significantly influence the hypertensive and renal disease phenotypes examined in this study. For example, the effects of individual substitution of a BN chromosome 1 or 5 were sufficient to revert the blood pressure phenotypes to the levels observed in the BN (i.e., MAP was not significantly different between the male BN and the male SS-1 BN or SS-5 BN ). The predicted sum of the individual QTLs on different chromosomes is therefore significantly greater than the phenotypic difference observed between the two parental strains. This likely reflects the nonlinearity of the physiological control systems and the ability of these systems to maintain homeostasis through multiple positive and negative feedback control systems (15, 16) . Potential feedback and interactions may occur between genes, gene products, and pathways to affect the final phenotype.
The present study confirmed, using a panel of SS-BN consomic strains, the existence of major QTLs on chromosomes 1, 5, 7, 8, 13, 16 and 18 that oppose the development of hypertension and identified chromosome 20 as a region of interest for hypertension. These experiments also provide new information that chromosomes 1 and 5 are important for the development of hypertension and renal disease in female SS/Mcwi rats. This consomic panel of rats therefore captured most of the previously identified blood pressure QTLs and identified several others. This new genetic resource now provides a stable platform for breeding of congenic strains for the positional cloning of QTLs for renal disease and hypertension.
